ABSTRACT: Marked seasonality is observed in sea-surface temperature (SST) and photosynthetically active radiation (PAR) received by shallow water corals at Phuket, Thailand (7" N latitude). This seasonality is reflected in both algal densities and algal chlorophylls (a and C?) in 4 massive species of scleractinian corals, namely Coeloseris rnayeri, Goniastrea retiformis, Porites lutea, and G. aspera. Algal numbers and algal chlorophylls are generally maximal at the end of the wet season (November) and minimal at the end of the dry season (March to May). Algal densities are reduced by up to 53 % in May compared to November in some species, whde algal chlorophylls may be up to 4-fold greater in November. Concomitant with these changes are differences in algal cell volume in 3 out of the 4 species studied and alterations in host tissue depth, with smaller algal volume and greater tissue depth at the end of the wet compared with the dry season. Over the period 1993 to 1996 algal numbers showed a significant negative correlation with monthly (30 d) and short-term (1 to 2 d) values of both SST and PAR dose, while algal chlorophylls displayed a significant negative correlation with PAR dose in the 5 d preceding collection. Rising SST and increasing PAR in the dry season are paralleled by decreasing algal numbers and algal chlorophylls on an annual basis. Recovery of algal densities and a build-up in algal chlorophylls follow reductions in SST and PAR at the end of the wet season. In one of the years, when coral 'bleaching' was widespread at the study site (May 1995), the interaction between SST and PAR resulted in an 86 % reduction in algal densities in bleached corals compared to their annual maximum density. This study highlights the importance of seasonal fluctuations in physical environmental parameters and concomitant changes in the coravalgal symbiosis. Furthermore, it emphasises the need for greater understanding of the potential effects of seasonal and inter-annual variability on the status of algal symbionts, as well as identification of critical times of the year when visible bleaching may not be obvious but when algal numbers and algal chlorophylls are low and effects on coral physiology may be far-reaching.
INTRODUCTION
It has now been recognised that coral reefs are not stable communities living in benign environments, freed from seasonal fluctuations, as suggested by Newel1 (1971) and more recently by Adey (1998) . Instead they are ecosystems subject to frequent disturbances on time scales of minutes to years (Done 1992 , Woodley 1992 , Veron 1995 . Seasonality affects all reefs as evidenced by the seasonal banding patterns in massive coral skeletons worldwide (Buddemeier & Kinzie 1976) , in coral reproductive patterns (Stoddart & Black 1985 , Wallace 1985 , Chornesky & Peters 1987 , Rinkevich & Loya 1987 , Harrison & Wallace 1990 , in patterns of nutrition (Rinkevich 1989 ) and in regeneration (Van Veghel & Bak 1994) .
Given the fundamental role of the algal symbiosis in meeting the energy budget of corals, seasonal changes in many aspects of coral physiology are likely governed by the dynamic relationship between the host and its algae, which is in turn influenced by environmental factors such as seawater temperature, irradi-ance, rainfall, salinity, nutrients and tidal range (see Brown 1997a for review). Little is known, however, of the effects of seasonality on some of the most fundamental photophysiological parameters such as coral algal densities and algal pigment content. Stimson (1997) , using Pocillopora damicornis from Hawaii, suggested that coral algal density responded to seasonal differences in environmental parameters with a negative correlation between algal density and solar radiation, and a positive correlation between algal density and the concentration of dissolved NO3 in any month. No significant correlation was obtained between seasonal variations in seawater temperature and coral algal density. Fagoonee et al. (1999) observed fluctuations in symbiotic algal density in the coral Acropora formosa in Mauritius which correlated with seawater nitrate concentrations and time of year from samples collected on an approximately weekly basis over a 5 yr period. Verde & McCloskey (1998) studied seasonal influences on the photophysiology of the symbiotic jelly fish Cassiopea xamachana and demonstrated significant fluctuations in algal size and algal pigment (chlorophylls a and c2 [chls a and C?] ) content throughout the year, but did not observe seasonal variations in algal densities. Working on the branching coral Acropora formosa from the northern Great Barrier Reef, Jones & Yellowlees (1997) did not detect any seasonal changes in coral algal densities, concluding that this finding was consistent with the fact that algal density is set close to the upper maximum limit determined by space availability. However, other workers on the Great Barrier Reef have suggested that there may be seasonal and year-to-year variations in animal tissue depth in massive coral species (Barnes & Lough 1992) , thereby altering the space available for occupation by symbiotic algae at different times of the year.
In the present study a variety of photophysiological parameters were investigated in the symbiotic algae of 4 intertidal coral species over a 4 yr period from 1992 to 1996. The 4 massive coral species sampled were Goniastrea aspera, G, retiformis, Coelosens mayeri and Pontes lutea. The aim of the study was to investigate seasonal variation in selected environmental parameters (specifically seawater temperature and underwater photosynthetically active radiation [PAR] ) and their potential links with variations in algal density, algal size, and algal chlorophyll content (chls a and c2).
MATERIAL AND METHODS
Study site and measurements of environmental variables. The study site is located on the southeast tip of KO Phuket, Thailand, in the Andaman Sea (7" 48' N, 98" 24.5' E). Physical characteristics of the location (Site A in Brown et al. 1994 ) are described in detail in Brown et al. (1986) and Scoffin et al. (1992) . At Site A a wide intertidal reef flat extends for a distance of up to 200 m from the shore, where it terminates in a shallow forereef extending to a depth of 5 m. The reef is dominated by massive coral species tolerant of high sedimentation.
Sea-surface temperature: Sea-surface temperature (SST) was measured using a precision thermistor probe located 0.5 m below chart datum approximately 1 km from the study site in a body of well-mixed water which flushes across the site on the tidal cycle (-1 to 1.5 knots 10.5 to 0.8 m S-']). Measurements were made every 10 rnin, and averaged hourly. The thermistor was calibrated prior to installation in February 1993 (*0.04"C). An in situ cross calibration was made in February 1997 with a newly calibrated Seamon temperature recorder (Hugnin, Reykjavik, Iceland) . Data for bulk SST for the sea area (5' X 5' 1at.Aong. grid) were also obtained from the Meteorological Office Historical Sea Surface Temperature data set, MOHSST 6.1 (Parker et al. 1995) .
Surface solar radiation: Global solar radiation was recorded continuously from February 1993 to December 1996 at Phuket Marine Biological Center (PMBC), 1.5 km from the study site, using a suite of thermopile and photodiode sensors. The principal record presented in this paper is from a PAR (400 to 700 nm) 271 cosine-corrected sensor (Macam Photometrics SD 101QV-Cos), recording global downwelling irradiance. Readings were taken at 1 rnin intervals, averaged and logged every 10 min. The sensor output was calibrated periodically against a scanning spectroradiometer and monitored for long-term changes against the output from a thermopile type device (Tube Solar-imeter: Szeicz et al. 1964 , Green & Deuchar 1985 . Data were corrected, using the thermopile record, for any long-term sensor variations. Two months of the record (February and March 1994) were computed from the thermopile recordings during a period of PAR sensor malfunction.
Calculation o f actual PAR received b y corals on the reef flat: Actual PAR received by corals was determined using the measurements of surface PAR from the PMBC sensor. PAR during periods of sub-aerial exposure was related directly to this record, whilst during submergence the PAR was computed from the relationship:
where Ed(Z) is the value of global downwelling irradiance at depth Z m, Ed(O-) is the value of global downwelling just below the water surface, and Kd is the average value of the diffuse attenuation coefficient for downwelling irradiance for the depth interval 0-to Z m. Ed(O-) was derived from the above water irradiance by assuming a n irradiance transmittance through the air-sea interface of 96%. This average value holds good for wind speeds < 5 m S-' and sun altitudes >46" (Gregg & Carder 1990) .
A value of Kd (0.501 m-') was derived empirically from measurements of underwater PAR which were recorded in situ on the reef flat in 1998 (Dunne unpubl.) . Water depth was computed from the tidal record for KO Taphao Noi for the years 1992 to 1995 at hourly intervals and interpolated to give intermediate 10 min data points. For the short-term data set in 1996 this tidal record was not available and tidal height was predicted from TideCalc (NP 158) Version 1.1 (Hydgrographic Office, UK) using the harmonic constants for KO Taphao Noi. Downwelling irradiance was computed for each coral species based on levelling data of mean heights of colonies relative to the tidal datum.
Mean sea level: The tidal form is semi-diurnal with a spring tide range of 3.1 m and a neap range of 1 m. For the purpose of this study, variations in mean sea level were examined on a monthly basis from the tidal record of KO Taphao Noi tide gauge station located 2.5 km from the study site. Monthly mean sea level data and the hourly sea level record were obtained from the University of HawaidNational Oceanographic Data Center Joint Archive for Sea Level for the period January 1992 to December 1995 (GLOSS station number 042). The detailed (hourly) record was validated against local datum points at the study site during periods of fieldwork.
Rainfall and nutrients: Monthly rainfall data were obtained from the Meteorological Station in Phuket town, approximately 10 km away. Dissolved nutrient (No3, NO2, PO4) and salinity data were sampled at Phuket Biological Center pier for the period 1992 to 1996 (Janekarn & Khokiattiwong unpubl.) . Dissolved nutrient data were also collected at Ao Kham, adjacent to the site, from 1993 to 1998 (Khokiattiwong unpubl.). In most cases the water samples were taken every 2 wk and were analysed using the methods of Strickland & Parsons (1968) .
Sampling of corals. Four intertidal reef flat coral species were sampled approximately every 3 mo over the 4 yr period 1992 to 1996. These species were Goniastrea aspera, G. retiformis, Coeloseris mayen, and Porites lutea. All species (apart from G. aspera) were sampled in July and November in 1992; March, May, August and December in 1993; March, May, August and November in 1994; February, May, June, July and November in 1995; and February 1996 . Sampling of G. aspera began in March 1993 and was carried out in parallel with other coral species at subsequent dates, apart from an additional sample in February 1994. Collections were always made from pigmented corals apart from in May 1995, when colonies appeared pale. In June 1995, when many corals had bleached white, samples were collected from pigmented colonies (which were still noticeably paler in colour), and additional samples were taken for comparison from colonies which had bleached white.
In addition, samples were collected from Goniastrea aspera approxin~ately every 3 d throughout a 50 d period, from 3 February to 23 March 1996. This period encompassed 3 spring/neap tide sequences and was chosen to identify factors that might cause short-term variability within the long-term temporal data set.
On each sampling date 2 coral cores (25 mnl diameter) were sampled from the apex of 10 randomly chosen coral colonies of each species, using a drill fitted with a hole-saw bit. In June 1995 cores were also sampled from 5 bleached colonies. All cores were removed from colonies within the first 30 min of sub-aerial exposure on the low tide. One set of cores was used for measurement of symbiotic algal densities and the other for chlorophyll measurements. Core surface areas were computed from diameters measured with vernier calipers.
Measurement of algal densities and algal diameters. Cores were fixed in 10% formalin (24 h), decalcified in 5 % formic acid/5 % formalin (48 h) and homogenised in 2 % formalin uslng a tissue tearer (Ultra Turrax T25 at 13500 rpm). Homogenisation was considered complete when no clumps of tissue remained but zooxanthellae remained intact. Zooxanthellae from 3 sub-samples from each core were counted microscopically on Neubauer haemocytometer slides and counts normalised to coral surface area.
Following initial analysis of algal densities, diameters of algae were measured from periods of high (December 1993) and low algal density (March 1994) in all coral species. Maximum algal diameters were measured from 25 algae isolated from each of 5 colonies of each coral species at xlOOO magnification under oil immersion. These values were then used to compute volume, assuming each alga to be spherical.
Measurement of chlorophyll concentrations. Excess skeleton below the tissue layer was cut away and discarded. Cores were then ground using a pestle and mortar in 10 m1 90% acetone following the method of Jeffrey & Haxo (1968) . Chlorophyll absorbances were read at 750, 664, 647 and 630 nm in a Whatman DC500 spectrophotometer (long-term sampling series) and a Hewlett Packard 8452A (short-term sampling series). Chlorophyll concentrations (chls a and c2) were calculated using the equations of Jeffrey & Humphrey (1975) 
RESULTS

Environmental parameters over short-term data set
Sea-surface temperature
The hourly record of SST is shown in Fig. 1 for the month prior to, and for the 50 d sampling period. This time of year (the dry monsoon period) is characceived by apical surfaces of Goniastrea aspera on the reef is shown in Fig. 2 for the month preceding and for the period of sampling. The 2 primary factors controlling the PAR dose are the weather conditions and variations in the depth of water over the corals. These are both apparent in the record. The strong repeating pattern is due to the tidal function (also shown) so that the maximum daily dose occurs at the end of each neap tidal period when the 
:
Dates of coral sampling. The semi-diurnal tidal record and its cycle from neap to spring tides is also shown corals are covered by only about 20 cm of water during the central portion of each day at a time when solar irradiance is at its daily maximum. The daily dose then decreases during the spring tides, because, although the corals are exposed to full sunlight, first during the afternoon and then the morning sub-aerial exposure, the tidal cycle results in an increase in water depth during the middle of the day. For most of the record it is the sinusoidal tidal signal which predominates, because at this time of year clear sky conditions persist from day to day. The period of overcast weather mentioned above (23 January to 10 February) can be seen, with 1 peak cycle nearly lost and much greater day-today fluctuations. Over the period of sampling there was no significant long-term trend in PAR dose.
Environmental parameters over long-term data set
Environmental data over the period 1992 to 1996 are summarised in Fig. 3 . A major influence at the study site is the reversing monsoon climate with the dry season (northeast monsoon) in November to April and the wet season (southwest monsoon) from May to October.
Sea-surface temperature
The monthly mean SST record demonstrates a strong seasonality ( Fig. 3A ) with no evidence of any long-term trend over the span of the data set (March 1993 to December 1996). The seasonality is described by a sinusoidal curve of the form:
where a, b, c, and d are parameters. The term X is the month number of the time series. Values of the parameters and the 'goodness of fit' are shown in Table 1 . The peak monthly mean SST occurs each year in Apnl (average 30.16"C) and the minimum in January (average 28.03"C). There is considerable evidence for a close coupling of SST to solar radiation, both at the diurnal scale, where the temperature oscillates by about 1.2"C between its coolest at 06:OO h and warmest at 18:00 h (Dunne 1994) , and at the scale of monthly means. Iterative correlation analysis between the PAR and SST monthly mean data sets resulted in a maximum correlation at a 3 mo phase lag (maximum SST following maximum PAR; n = 46, r = 0.51, p < 0.0003). This 'coupling' is hardly surprising in view of the relatively shallow coastal waters in the region and the fact that the absorption of solar energy and its heating effect on water masses approaches 100%.
In most of the long-term study years the monthly mean SST falls within the range of mean * 1 standard deviation for that particular month, but in 1995 the SST rose to 31.01°C in April and remained at this level for 2 mo. Extensive coral bleaching on the reef flats and slopes coincided with this period of elevated temperature .
Surface solar radiation
The record of solar radiation (350 to 2500 nm) from the thermopile sensor was examined over a period of 4 yr (January 1993 to April 1997) encompassing the sampling period, in order to determine any long-term trends in the natural solar radiation, as an indication of any seasonal pattern, and to check the long-term stability of the silicon photodiode PAR sensor. The mean daily dose remained constant over the whole period at about 18 MJ m-' d-'. Superimposed on this was a strong annual seasonality of *3 MJ m-2 d-' (decomposition fit time series mean absolute percentage error 4.9 %). The highest mean daily dose occurs during the dry season month of February and the lowest during the wet season months of August and September. The surface PAR record (Fig. 3B) demonstrates a pattern slrmlar to the thermopile sensor record. The seasonality can be described by a sine curve of the same form as for SST, but with different parameters and a phase shlft (Table 1) ary each year (mean 31.6 m01 m-' d-l) whilst the minimum is again in August (mean 21.5 m01 m-' d-'). The wet season PAR is about 32 % less than the dry season. The ratio of PAR received by the corals compared to the surface PAR demonstrates a cyclical pattern, except in 1994. Since this ratio represents a 'filtering out' of changes in PAR due to weather patterns it follows that the 1994 anomalies must be a function of sea level factors. If the record of mean sea level (Fig. 3C) is examined, 2 anomalies occur in 1994. The first of these is an elevation of 10 cm in mean sea level between 1 December 1993 and 19 March 1994 (University of Hawaii Sea Level Center quality assessment) during a time when there should normally be a seasonal depression of about 20 cm. This anomaly was corroborated from field observations at the time. The second anomaly involves a sea level depression around August to November 1994 of about 5 to 10 cm which has also been noted in the TOPEX/POSEIDON satellite altimeter record for the area (Chambers et al. 1999) . Both of these anomalies will have a direct effect on the ratio and can be seen as a reduction in the ratio during the first anomaly followed by an elevation of the ratio during the second anomaly. It is likely that without these anomalies the PAR received by the corals would have demonstrated the same strong repetitive seasonality shown in the surface PAR, which would have resulted in a similar fitting of a sinusoidal function.
Rainfall
The rainfall pattern at Phuket is consistent with the reversing monsoon influence (Fig. 3D) . Rainfall is normally minimal in the months from mid-December to mid-March, and consistently high in the wet season months from May to October.
Salinity and nutrients
Surface coastal waters have a relatively constant salinity of 32 %O irrespective of monsoon period (Panutrakul 1996) . Dissolved nutrients (NO2, NO3, PO4) are very variable and show no consistent patterns with season. Concentrations of nutrients in the coastal waters of Phuket are moderately high, being typical of other inshore locations experiencing eutrophication in the Florida Keys and Barbados (Table 2) . for Goniastrea aspera only Algal cell density varied significantly (ANOVA: p < 0.0001, n = 15) between individual sampling dates (Fig. 4A) and showed a significant decrease over the 50 d period, reducing from a mean of 7.4 to 5.52 X 106 cells cm-2.
The algal cell content of both chls a and c2 also varied significantly (ANOVA: p < 0.0006, n = 15) between dates (Fig. 4B) . In addition, the variations in the 2 pigments were positively correlated for each sample and at each date (r = 0.68, p < 0.0001, n = 75). Over the full sampling period, there was no trend in chl a content, but chl c? decreased (p = 0.03, n = 75). This decrease in chl c2 is, however, unlikely to be biologically important given the very low coefficient of determination (r2 = 0.06) and large 95% confidence interval for the slope parameter (-0.0003 to 0 . 0 0 6 ) .
Both algal cell numbers and chlorophyll cell content were examined in the context of the SST and underwater PAR dose. Algal numbers were significantly correlated to the mean daily SST on the day of sampling (r = -0.38, p = 0.0007, n = 75) and also to the PAR dose in the 24 h before sampling (r = -0.28, p = 0.016, n = 75). Both chlorophyll pigments were similarly correlated to SST (chl a: r = -0.33, p = 0.004; chl C?: r = -0.32, p = 0.005; n = 75) but no direct relationship was found with the PAR dose. Table 3 ). In the case of G. aspera, however, significant correlation was only found for algal density and algal chl c2 with G. refiformis and Algal densities from all of the species were uniformly high throughout Temporal variability in algal densities was also examined in the context of seasonal changes in both SST and daily mean PAR dose received by each coral species. For SST, the data set was compared with the corresponding monthly mean SST for the local sea area (MOHSST data), followed by the local thermistor data for successive periods of 30, 14, 7, and 2 d immediately preceding the sampling date (mean SST in each case), and finally with the mean SST on the day of sampling. The bulk area SST showed the weakest relation- (Table 4) , with significant correlation for only 2 of the coral species. In contrast, the local temperature record demonstrated significant correlation for 3 of the 4 species at the monthly level, and in all other comparisons. Algal densities showed the greatest correlation with the mean SST in a short (2 d) time period just before sampling. The correlabons were all negative, with algal densities reducing with increased SST. Furthermore, if the sampling dates of June and July 1995 are excluded from the analysis, on the basis that there is evidence of an overshoot in recovery of normal seasonal levels of algal numbers following a period of SST-induced bleaching in May 1995, then the SST correlation for the 2 d mean shows a dramatic increase in strength.
A similar analysis for algal densities against the PAR received by each species at their respective depth on the reef also gave rise to a significant relationship for all species except Porites lutea. A succession of time intervals was chosen to examine the correlation coefficients for the mean daily PAR dose (m01 m-' d-l) preceding the sampling date. The daily PAR dose on the day of sampling consistently showed the greatest correlation ( Table 5 ) .
On the basis of the results obtained from the SST and PAR correlations, multiple regression models were fitted for the 3 species showing correlation with both SST and PAR, namely Coeloseris mayeri, Goniastrea retiformis, and G. aspera. The model terms which showed the best fit were in each case the mean SST and the PAR daily dose for the day of sampling. The coefficients of determination (rZ) were 0.25, 0.33, and 0.44 for each species respectively (p < 0.0001 in all cases), and all the parameters for the terms were negative, indicating that in combination elevated SST and increased PAR dose were accompanied by a reduction in algal density.
Algal chlorophylls
Over the sampling period, mean algal chlorophyll a concentrations ranged between 0.33 and 2.85 pg cell-' in Coelosens mayeri, Goniastrea retiformis and Porites lutea, and 0.4 and 1.46 pg cell-' in G. aspera, while chl cz ranged between 0.06 and 1.69 pg cell-' in for 1992 , 1993 , in Goniastrea retiformis in 1993 , and in G, aspera in 1993 . In May 1995 There was no clear pattern in correlations between SST and algal chlorophylls for all species of corals. SST on the day of sampling showed a very weak positive correlation for both chls a and c2 in the case of Coeloseris mayeri (chl a: r = 0.18, p = 0.04; chl c2: r = 0.24, p = 0.007; n = 125) and a similarly weak positive correlation for chl a in Goniastrea retiformis (r = 0.23, p = 0.01, n = 119).
In contrast, PAR showed a general pattern of negative correlation with both chl a and chl c2, with the greatest correlation between the mean daily dose for the 5 d period immediately prior to sampling. In the case of chl a, a significant relationship existed for 3 of the 4 species, and for chl c2 for 2 species (Table 6) . The published literature contains much evidence for the influences of irradiance, seawater temperatures, and nutrients upon photophysiological parameters in reef corals manipulated in controlled field and laboratory experiments. Stimson (1997) comprehensively reviewed this work and illustrated the often contradictory state of findings. In the case of a relationship between irradiance and algal density he concluded that there was no consistent pattern from a total of 11 experimental studies where irradiance was manipulated but that the majority of the work showed no changes in algal density with altered irradiance. He compared this to evidence from studies on colonies in their natural environment from different depths and different sun/shade conditions which reveal evidence of an inverse relationship between irradiance and algal density. The influence of seawater temperature on algal dens~ties in reef anthozoans has previously been reported from laboratory manipulations where temperature elevations of 1 to 2OC above ambient elicit loss of algae (Hoegh-Guldberg & Smith 1989, Glynn & D'Croz 1990, Lesser et al. 1990 , Sharp et al. 1997 ). In the field, however, evidence of sea temperature effects has been inferred from coral 'bleaching' events (Szmant & Gassman 1990 , Fitt et al. 1993 , Jones 1997 ) but direct evidence is still lacking.
The present study has examined variations in SST, solar radiation and nutnents in the natural environment to aid our understanding of the potential effects of these physical influences on symbiotic algae in corals. To do so we have concentrated on measurements of algal cell density and chlorophyll pigments in Table 3 . Coeloseris mayeri, Goniastrea retdormis, Porites lutea and G. aspera. Correlation coefficients (and their significance values) between the 4 coral species for selected photophysiological parameters ("'p < 0.005; "p < 0.01; ' p < 0.05; ns = not significant) Table 4 . Correlation statistics between sea-surface temperature (SST) and algal densities in the long-term data set from 1993 to 1996. MOHSST 6.1 is the bulk SST for the general area. Local thermistor data are from a thermistor 0.5 m below chart datum, 1 km from the study site. The last column is a 2 d mean excluding the months of June and July 1995 4 species of Indo-Pacific massive corals over a 4 yr time period, and also for 1 of the species over a short but intensively sampled 50 d period. Contemporaneously we have measured SST and solar radiation at the study site and combined these with information on nutrients to produce a high resolution physical data set. Although our experimental location is a shallow water intertidal reef close to the equator (?ON), the results are likely to be equally applicable to corals located in deeper water or at other latitudes. Indeed, at higher latitudes, 2 of the most important physical influences, namely SST and solar radiation, should norinally be expected to have much greater seasonal vanability, and therefore a correspondingly greater potential for influencing the photophysiology of the algae.
We have identified 2 key physical factors which appear to have a significant effect. These are the SST and solar radiation (PAR) received by the corals.
In the 50 d short-term study, we observed a significant steady decline in algal density and a parallel steady increase in SST over the duration of the period. At the same time there was no immediately apparent effect of PAR. More detailed investigation using correlation against the high resolution physical data sets demonstrated a significant correlation between SST and algal density and a weaker correlation for PAR, both at a scale of 24 h prior to collection of the algae samples.
Analysis of the 4 yr sampling demonstrated convincingly that, for 3 of the 4 massive coral species, algal numbers varied in a like manner between sampling dates, and that, for all of the corals, algal densities declined to their minimum values at the end of the NE monsoon in the years 1993, 1994, and 1995, corre- sponding to the time of year when SST reaches its annual maximum. On closer examination there was clear evidence of a significant negative correlation between SST prior to the sampling dates and algal densities in all species. Taking the results from both studies together it thus seems undeniable that SST is a major factor directly influencing syn~biotic algal density in these corals, and, furthermore, it would appear from the correlations observed that much of the effect is operating at a scale of days, rather than weeks Our results for SST seem at first to be contradictory to work by Stimson (1997) and Fagoonee et al. (1999) , neither of whom demonstrated any SST link. However, on closer inspection of those earlier studies, many confounding factors probably conspired to mask detection. Both studies used only a single species of branching coral (Pocillopora damicornis and Acropora formosa respectively) and sampled from the growing tips of these colonies, although Stimson (1997) attempted to minimise the variability associated with this sampling regime by avoiding the last 1 to 2 cm of the branch end. Stimson's correlations with SST were comparisons between the monthly mean SST over a number of years' pooled data and the mean of algal densities between different months in different years. It is therefore hardly surprising that he was unable to detect any relationship, given that our analysis showed that the correlation becomes weaker as the time scale is increased even to a monthly mean in the same year of sampling, let alone to a generalised annual pattern. Although Fagoonee et al. (1999) appear to have monitored temperature throughout their period of sampling, there is insufficient information on the nature of the data set acquired, or of the attempts at correlation. By inference, since their results for algal densities demonstrated considerable short-term variation, and from the remainder of their analysis, it would appear that they also had to compare pooled monthly temperature data from a number of years.
The correlation between algal cell density and PAR observed in our short-term study was also demonstrated in the long-term data. In both cases the strongest relationship existed at the time scale of PAR dose for the 24 h preceding the time of sampling. The lack of correlation for 1 of the species, Porites lutea, may in part be due to the morphology of this coral and the consequent limitations of our sampling methods. Unlike the other small massive species which we sampled, P. Iutea typically occupies a position on the edge of intertidal pools, where its direction of growth is lateral. The resultant morphology makes it very difficult to sample cores where the orientation of the face of the core is in a horizontal plane. This means that the solar irradiance being received by the angled core surface will not match the downwelling PAR irradiance against which the correlation is made. Indeed for a difference of 30" the error will be 14 % (cosine law) without taking account of further errors due to the azimuth of the core surface and the variation in the above water and underwater light field at different times of year. Our results emphasise the vital need to consider the orientation of sampled coral surfaces and the measurement of the solar flux from which any comparisons are drawn.
Comparing our results to those of Fagoonee et al. (1999) and Stimson (1997) , it is unlikely that the former would have detected any PAR effect from data obtain.ed from the Mauritius Meteorological Office at the scale of monthly means and for differently oriented branches sampled from the coral. Stimson (1997) reports a correlation between the monthly mean irradiance (and ultraviolet radiation [UVR] ) and algal density but none of h.is samples were taken in the 16 mo period when irradiance was recorded or the 28 mo period when UVR records were collected. Furthermore, his correlation coefficients were for mean values of algal densities rather than the full variation in individual samples, and he does not report the corresponding probabilities for each coefficient. In such circumstances care needs to be taken in inferring biologically meaningful correlations, since the effect of using means will always be to overestimate the correlation coefficient. Our own results consistently show that the greatest correlation of PAR with algal cell density is at the scale of the day of sampling. Similarly, our earlier observations on solar bleaching in Goniastrea aspera also demonstrate that dramatic reductions in algal densities occur within a very short time scale (24 h) of exposure to high solar radiation (Brown et al. 1994) . Given this scenario it is likely that Stimson (1997) was detecting a connectivity, whereby irradiance (and UVR) was correlated to time of year, and algal density was also correlated with the same time of year, giving rise to an 'apparent' direct correlation between the two. This is particularly likely given the short time scale of his solar radiation measurements and the lack of any contemporaneity in the data sets.
Our multiple regression analyses of SST and PAR demonstrate their combined role on the algal density in 3 of the species in the long-term sampling study, such that the model explained between 25 and 44 % of the reductions in density for increases in SST and PAR. It is likely that in both cases PAR and SST are interacting to reduce algal numbers through photosynthetic damage, as described by Warner et al. (1996 ), Brown (1997b ). and Iglesias-Prieto (1997 .
For the algal chlorophyll concentrations, while the short-term study showed no clear picture, the longerterm data collected over the period 1992 to 1994 showed an annual pattern of reduced algal chlorophylls at the end of the dry season and increased algal chlorophylls at the end of the wet monsoon. Significant correlations between algal chlorophylls and the actual PAR received by the corals over the preceding 5 d suggest a pattern of acclimatisation to ambient irradiance levels. Our results are, therefore, a confirmation of the depth and sun/shade interactions which other workers have previously observed (reviewed by Falkowskj, et al. 1990) . Similarly, in a recent study of the effect of seasonality on chlorophyll content of symbiotic algae extracted from the jellyfish Cassiopea xamachana, algal chlorophylls were also highest when irradiance levels were lowest (Verde & McCloskey 1998) .
The role of nutrients in influencing algal densities and algal chlorophylls in the present study is less clear. The concentration of dissolved nutrients, although high all year round (Table 21 as a result of drainage from extensive mangroves to the north, and 0ceanj.c upwelling offshore (Janekarn & Hylleberg 1989) , is extremely variable and shows no overall marked seasonal pattern. Inshore waters at the site have a high particulate load which frequently reaches 20 to 40 mg 1-' (Scoffin et al. 1992 , Panutrakul 1996 . Particulates are derived from fine terrigeneous sediments which are composed of clay minerals. It is likely that these particulates, coated with bacteria and micro-algae, present added potential nutrients to particulate feeding corals in the region (Mills & Sebens 1997 , Anthony 1999 . From the fore-going it would seem likely that nutrients are rarely limited in this turbid inshore environment.
The unusually high algal densities observed in all coral species analysed at Phuket may be the result of living in waters with high nutrient levels. Massive corals from inshore turbid waters in Singapore (Goh unpubl.) and Java (Suharsono & Soekarno 1983) show similar high algal densities. However, the algae in the sampled corals were also markedly smaller (Brown et al. 1995 and this study) than those recorded in the majority of Caribbean corals (Wilkerson et al. 1988) , and in corals investigated on the Great Barrier Reef (Hoegh-Guldberg & Smith 1989, Jones & Yellowlees 1997). Such high densities of relatively small algae may be due to the rapid growth of both algae and host tissues (Wilkerson et al. 1988 , Jones & Yellowlees 1997 , particularly during the wet season, when environmental factors are more favourable than the dry season. Alternatively, size may be determined by genetic composition; the only alga thus far characterised from corals at this site being a relatively novel 'type e' from Goniastrea aspera (Goodson unpubl.) .
Both algal cell volume and coral tissue depth appear, from the limited data sets available, to vary between seasons, with significantly larger algae (between 20 and 26 % volun~e increase) at the end of the dry season (when algal densities are low) than at the end of the wet season (when algal densities are high). Tissue depth in Goniastrea aspera is almost 2-fold greater at the end of the wet season than during the dry season (Brown unpubl.) while similar results may be inferred for Porites lutea from the markedly different skeletal extension rates noted between the 2 seasons (Barnes & Lough 1992 , Scoffin et al. 1992 . If space During April and May 1995, when seawater temperatures were anomalously high (Fig. 3A) and extensive bleaching was noted , algal densities in pale pigmented corals were low, but for most species no lower than those recorded in March to May of previous years. Our results indicate that even in a 'normal' year algal densities are reduced by as much as 53% below their seasonal maximum, compared to reductions of about 86 % which were observed in white colonies during the 1995 bleaching (Table 7) .
Interestingly, in May 1995 algal chl a levels were generally very high (and variable) in pale pigmented corals whereas 1 mo later chl a levels were significantly reduced. Elevated chl a levels in bleached corals have been previously reported by Hoegh-Guldberg & Smith (1989), Szmant & Gassman (1990), Fitt et al. (1993) , Le Tissier & Brown (1996) , and Jones (1997) . Explanations of such observations have included: (1) a response of remnant algae to increased nutrient availability through decreased competition from other algae (Fitt et al. 1993 , Jones 1997 , or (2) the greater loss of apical algae, leaving dark-adapted algae with high chlorophyll concentrations in the strongly retracted tissues below (Brown et al. 1995 , Le Tissier & Brown 1996 . In May 1995, although SST was high, PAR levels had already fallen and were at the normal wet monsoon low for up to 2 wk prior to sampling. Increased algal chlorophylls may therefore be a result of photacclimatisation to reduced irradiance as well as the explanations given above.
This study has highlighted the importance of seasonal environmental influences on fundamental photophysiological parameters in corals. The effect of seasonality is likely to be even more pronounced in higher latitude locations like Hawaii (Stimson 1997) , Mauritius (Fagoonee et al. 1999 ) and the Bahamas (Fitt et al. in press ). The seasonal changes in algal density reported in these studies and our own observations strongly suggest that there is a natural annual pattern of changes in the status of the algal/coral sym'biosis; the alterations which result being directly influenced by changing solar radiation and seawater temperature. Not only do these studies put the widely reported availability and algal size are critical factors 'bleaching' p h e n o m e n o n in perspective, but they also s e r v e to h e i g h t e n t h e potential for important c h a n g e s i n physiological performance of corals at different times of t h e year.
